Models which fully evaluate the life cycle energy and greenhouse gas (GHG) emissions of national housing stocks are not reported in literature. Capturing a holistic view of energy and emissions of the residential sector is an important process that can lead to a more effective policy making. This paper presents a methodology which evaluates the life cycle energy and GHG emissions of retrofitting housing stocks considering all life cycle stages and incorporating, to the greatest extent possible, all upstream inputs.
Introduction
The residential sector consumes approximately 30% of global primary energy [1] , thus contributing significantly to greenhouse gas (GHG) emissions and global warming. In the EU, buildings are responsible for over 40% of energy use and a similar proportion of GHG emissions [2] . Although high, these figures may disguise the true global impact of building emissions since they account for operational activities (e.g. heating, cooling, lighting and small power) only. It is therefore important to fully account for and measure the energy use and emissions of a building throughout its life cycle which encompasses all the supply chain processes required for its production, operation and removal so as to assist policymakers and designers in understanding the true national, regional and global impacts of buildings on the environment. This will lead to more effective decision making.
Life cycle analysis (LCA) is a commonly accepted approach for evaluating cradle-to-grave environmental impacts. For a building, life cycle stages include the extraction, refining, processing and production of raw materials and building materials, their use in construction, their disassembly and the operation and maintenance of the structure over its lifetime.
Building-related environmental aspects and impacts of note include: Carbon dioxide (CO 2 In many advanced economies, current building standards ensure that new buildings are highly operationally energy-efficient, resulting in low GHG emissions and environmental impacts 3 relative to older buildings. The greatest challenge in these countries is to upgrade older, less efficient dwellings to higher energy efficiency standards. However, the system boundary in the energy analysis of these older dwellings is often narrowed or incorrectly expanded. The function of a building is to shelter and protect the occupants from inclement weather, resulting in their comfort. In a retrofit project the selected system boundary should be based on those processes that are related mainly to the function of the building. Concerns regarding aesthetic should be considered as being embedded in the function values of the building. The life cycle of a house retrofit project can then be categorised into four phases -operation, retrofit, maintenance and disassembly. The system boundary of a house retrofit project should be limited to only those processes that can not be separated from the building. In a different perception as in the model of Erlandsson and Levin (2004) waste water treatment was assumed to be part of maintenance. However, the process should be better accounted for in the study of the metabolism of urban systems when considering sustainability of cities.
All of these factors make energy and emission evaluations of older dwellings challenging.
While there is considerable information about operational phase energy reduction strategies for retrofitting housing stocks, there is far little knowledge on those attributable to retrofitting, maintenance and disassembly. A life cycle approach, however, should be taken to ensure that the level of refurbishment and system boundary chosen result in net emissions and energy savings over the projected lifespan of the upgrade. Moreover, the resulting marginal GHG abatement costs (MAC) should be economically efficient. However, a separate paper is proposed to discuss in detail the MAC of the retrofitted scenarios and the policy implications for Ireland. Symbols Therefore, the aim of this paper is to develop a methodology which evaluates the life cycle energy and GHG emissions impacts of housing stocks considering all life cycle stages and incorporating, to the greatest extent possible, all upstream inputs. This is then applied to the Irish housing stock by way of example. The method adopted involves the use of representative archetypes, each of which is refurbished to two different levels of energy efficiency: one which meets the energy and emissions requirements (Part L) of the current Irish building regulations [10] ; and the other which meets the international Passive House standard [11, 12, 13] . The reason for assessing the latter is that the EU and Ireland have stipulated that all new dwellings should have near zero-emissions starting from 2020 [14] (EC 2010). The method for choosing thirteen archetypes which are representative of the Irish housing stock is not detailed here, but is reported in [15] .
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The remainder of this paper is presented as follows: Section 2 discusses the methodology and techniques used in the study. The results and discussion of the life cycle assessment for all house scenarios are presented in Section 3. Section 4 discusses the validation of the model used in the study. Conclusions are presented in Section 5.
Methodology
The research is divided into three parts. First, the life cycle impacts of each of the thirteen unrefurbished representative archetypes were evaluated to give the 'Base Case' energy and GHG emissions for each of the operational, retrofit, maintenance and disassembly phases. It should be noted that in stock aggregation, an archetype is a significant class of house, which can be extrapolated to the total energy consumption by the number houses for that archetype to represent the entire housing stock. In this study an archetype house represents a specific class of house (i.e. "As Is") in the existing Irish housing stock. The impacts of each archetype were assessed without intervention (except scheduled ordinary maintenance) to give a 'Basecase'.
Second, the detailed materials and labour required to achieve two levels of refurbishment were identified. The first level chosen met current building regulations and is referred to the 'Current Regulations' scenario. The second level was chosen to meet anticipated future (post 2013) regulations which are assumed to be a Passive House standard, and are referred to as the 'Passive House' scenario. These two levels involved identifying and modelling a range of interventions which achieved energy ratings equivalent to the Irish 2010 building regulations and Passive House standards, respectively. In each case, detailed bills of quantities were drawn up. In the third part of the research, the refurbished stock models were then reassessed to estimate their impacts on energy and emissions including the impacts of services. In all cases energy and primary energy-related CO 2 -equivalent emissions were calculated. Figure 1 illustrates the overall research methodology used in this study. Similarly, Table 1 presents the summary of the archetypes and the refurbishment required to achieve both Current
Regulations and Passive House scenarios. *archetypes 1-6 are detached houses, archetypes 7-10 are semi-detached houses, and archetypes 11-13 are mid-terraced houses/apartments; **DHW cylinder lagging jacket, *** Factory-applied coating of polyurethane foam (mm).
Developing representative archetypes
The Base Case archetype model defines the characteristics of the 13 individual dwelling archetypes, which together represent 65% of dwellings in the existing Irish housing stock.
The process of developing the archetypes [15] is summarised here. First, a multi-linear regression analysis of a detailed housing database was performed to identify the most 9 relevant variables associated with energy consumption. Second, using a statistical analysis of the distributions for each key variable, representative parameters were identified. Third, corresponding construction details were chosen using knowledge of housing construction details. Fourth, cluster analysis was then used to identify coincident groups of parameters and construction details. Fifth and finally, the 13 representative archetypes were developed using 9 representative construction details and 9 household variables of energy use. Science, Leiden University) is used.
Hybrid LCA methodology

Building system and system boundaries
The building system represents the total system of processes required for the building [19] , jointly with its related material and energy flows. In this study, the building system comprised four life cycle stages: operation, retrofitting, maintenance and disassembly. Each stage is made up of unit processes, each of which indicates one or numerous activities, such as the extraction or mining of raw materials, refinement, processing and manufacturing of products, on-site installation, use, retrofitting, maintenance, all associated transportation, detaching reusable materials, demolition of the building and removal of demolition waste. As earlier discussed, the scope of this work was limited by omitting all processes that are not related to the function of the building, and in particular those that can be separated from the building. The activities, processes and boundaries for each life cycle phase are described in the following paragraphs.
Operation phase
Operation phase of the building includes burdens (embodied primary energy and related emissions) from households' use of heat energy and electricity for space and water heating, lighting and appliances. It also includes burdens from transportation of purchased thermal heat (e.g. oil) from suppliers to the building site.
Retrofit phase
The retrofit phase in the building's life cycle encompasses all activities required in the application of energy savings components to the building. Material production for retrofit phase includes burdens from material extraction, refinement, processing and manufacture of materials, products and components including all associated transportation to site and back to recyclers those items that were replaced. It also includes all burdens associated with cost of labour required to remove existing energy savings components, as well as those needed in the installation of replacements.
Maintenance phase
The maintenance phase in the building's life cycle encompasses all activities required to produce all materials, products and components required to replace those that have expired (i.e. at the end of their service lives). Material production for the maintenance phase includes burdens from material extraction, refinement, processing and manufacture of materials, products and components including all associated transportation to site and back to recyclers the expired items. It also includes burdens from cost of labour for: regular servicing of heating appliances; installation of material substitutes, including all associated transportation.
Disassembly phase
The disassembly phase in the building's life cycle includes all activities required for detaching reusable materials, demolition of the actual building, loading and disposal of materials of disassembly. It includes burdens from: drilling, refinement and processing activities associated with fuels used for transportation. Other burdens associated with this phase include cost of labour for demolition and transportation of all materials of disassembly to a recycler, including all associated loading and off-loading.
Service lives of dwellings
In order to evaluate the life cycle impacts of a building, its service life must be known. [27] and roof coverings (40 -60+ years) [27] . It is assumed that such a selection will lead to striking a balance between Limiting the lifetime of the building to 50 years as the economic lifetime so as to avoid the replacement of these fundamental components is therefore crucial.
Sources of data
The methodology described in this paper involves a combination of methods and databases.
The Energy Performance Survey of Irish Housing (EPSIH) [28] In calculating hybrid energy and emissions, process analysis was used for material quantities to which process emissions intensities can be applied. Overall, process analysis data covers the physical flows of all processes that are related to the production, and weight of materials to be transported) [30] . Other sources of process data include the energy and emissions intensities of Irish construction sub-sectors from a previous Irish study by [31] . Figure 2 illustrates the combination of methods and databases used in the study. Given the uncertainty regarding future energy mixes, it is assumed that the energy supply system will be constant during the entire lifetime of the building when calculating emissions.
Irish current electricity grid mix has been used to evaluate the environmental impact induced by electricity production for all buildings. Similarly, environmental impacts from heat production were calculated using Irish fuel parameters for natural gas and oil using GaBi 
Life cycle inventories
Using the various sources of data discussed in the previous section, life cycle inventories Inventories of some processes and features were excluded from the house system boundary either due to their overall insignificance or because they fell outside the study boundary. For example, it should be recalled that white and brown goods can be separated from the building and are not fixed so are excluded. This study was therefore limited to building elements, heating systems, and electrical systems.
Calculation of process-based hybrid energy/emissions
The calculation of hybrid energy and emissions can be split into two sections: an estimation of process analysis energy and emissions; and I-O analysis energy and emissions. The hybrid energy and emissions are obtained as the sum of the process and I-O LCA figures. Figure 3 illustrates how the input-output and process techniques were combined for this project (the bolded figures represent the three steps followed in the calculation).
Characteristics of the developed archetypes
Hybrid energy/emissions due to operation, retrofit, maintenance and disassembly phases (unit archetype) Construction material quantities (process) [2] Cost of services (installations and fit-outs and maintenance [including servicing] of heating appliances (I-O) [3] Sub-sector energy/ emission intensities of Irish construction Energy/emission intensities from GaBi tool E hybrid-op-rs, i = hybrid operational energy/emissions requirement of a unit archetype, i for a given retrofit scenario.
Energy/emissions of retrofitted scenarios
For each of the 13 archetypes indicated in Table 1 
3 Results and discussion
The following subsections present the results and discussion at archetype and life cycle phase levels.
Life cycle energy at archetype level
Base Case Figure 4 shows the life cycle primary energy use results of all archetypes for all scenarios according to archetype dwelling type. Similarly, the performance of archetype 13 is equally odd due to its poor envelope insulation, but much better than that of archetype 3 because of its higher heating system efficiency and the incorporation of DHW cylinder foam.
Current Regulation
All retrofit scenarios yield significant life cycle primary energy improvements compared to It is worth noting that the energy reduction for archetype 3 compared with archetype 6 was so dramatic because of its greater potential for energy reduction (see section on the Basecase scenario). Moreover, the stunning nature of the life cycle energy reduction between these two archetypes is also related to the difference in their number of storeys while having the same floor area -archetype 3 is a bungalow whilst archetype 6 is a two storey house. The higher life cycle energy reduction by archetype 3 therefore, reflects the greater area of exposed floor and roof, from which heat loss can be minimised. The above theory is also true for the dramatic energy reductions recorded for archetypes 11 or 12 vs. archetype 13. Archetypes 11 and 12 are both 2-storey buildings with similar U-values and characteristics, but with different roof construction details (e.g. ceiling/rafter insulation) and much better envelope insulation compared to archetype 13. Archetype 13 is 3-storey building.
Passive House
For Table 2 shows the proportion of primary energy used for each life cycle phase for each archetype and scenario. It can be seen that the operational phase dominates primary energy use; although not shown here, this result is repeated for emissions. Table 3 shows the energy use for each archetype and retrofit scenario for the operational phase. The results of the operational energy use in Table 3 were calculated using equations 1-5. Similarly, the percentage of reduction in operational energy use was calculated using equation 6 (see Section 2.2.5). Table 2 also show that focusing 30 solely on the reduction of energy consumption during the operation of a building ignores the fact that as the building becomes more energy efficient the proportion of embodied energy attributable to retrofitting, maintenance and disassembly becomes increasingly significant.
Primary energy use across life cycle phases
Such information can have an impact on the residential sector's overall performance. The models of Clinch et al (2001), Erlandsson and Levin (2004) and other cited studies in Section one ignore this aspect.
Validation
The house annual operational energy was generated based on the characteristics of the house archetypes. A validation performed by a previous study, [36] shows that using the well validated HEM energy model and GaBi 4 LCA model generated energy consumption of the existing Irish housing stock across life cycle phases. The prediction from the combination of these models shows that the weighted mean annual operational primary energy requirement per m 2 was generally consistent with both national statistics and literature. It should be noted that this study is a piece of the cited previous study.
Conclusions
In conclusion, the hybrid LCA model as presented in this paper was shown to be an adaptable With regard to the policy implications of this work, it would be recalled that the energy efficient upgrade of detached dwellings results in the greatest energy and emissions saving of all archetypes studied. These dwellings therefore deserve further study to establish whether they offer best value-for-money to the taxpayer. The current policy focus on minimising operational energy and emissions is justified given its dominance for all the options studied.
However, adequate attention should also be given to reducing the proportion of embodied energy. This is particularly crucial since the proportion of embodied energy will increase significantly in the future as the energy performance of both and new dwellings (including operational phase zero/energy-plus dwellings) increases through the tightening of associated building regulations.
